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Introduction
Patients with differentiated thyroid carcinoma (DTC) generally have a very good prognosis, with 10-year overall mortality of less than 4% [1] . However, persistent or recurrent disease, which is mainly loco-regional, occurs in approximately 20% of patients [2] [3] [4] [5] . Because DTC can recur at any time for years after initial treatment, longterm follow-up is necessary. Follow-up should be guided by an approach with a high negative predictive value (NPV) to exclude patients with a nonsignificant risk of recurrence from undergoing unnecessary investigations and identify those individuals with a higher risk who merit closer follow-up [6, 7] .
The measurement of serum thyroglobulin (Tg) levels is one of the most important modalities used to monitor patients for residual or recurrent disease. Tg has high sensitivity and specificity in detecting thyroid cancer, especially after total thyroidectomy and remnant ablation, with the highest sensitivity noted after thyroid hormone withdrawal (WD-Tg) or stimulation with recombinant human TSH (rhTSH-Tg) [2] [3] [4] [5] . Basal Tg measurement during thyroid hormone suppression of TSH (b-Tg) using first-generation Tg (Tg1G) assays with functional sensitivity (FS) of approximately 1.0 ng/ml can fail to identify patients with relatively small amounts of residual tumor and cervical metastases [8] [9] [10] .
However, over the last decade, assays with lower FS have been developed and evaluated, primarily to study patients with DTC with a low risk of recurrence [11] [12] [13] . These studies have shown that in low-risk DTC patients, when these second-generation Tg (Tg2G) assays are used (FS 0.05-0.1 ng/ml), b-Tg is correlated with WD-Tg and rhTSH-Tg [14] [15] [16] [17] [18] [19] [20] [21] . The purpose of the present study was to prospectively evaluate a cohort of patients treated for DTC with a low or intermediate risk of recurrence using a Tg2G assay during a long-term follow-up.
Subjects and Methods

Patient Selection and Tg Stimulation Tests
We evaluated 168 DTC patients, 149 women and 19 men, with a mean age at diagnosis of 40 years (range 7-72 years), who were followed by the same team in the combined thyroid clinics of the Division of Endocrinology, Department of Medicine, Escola Paulista de Medicina, Federal University of São Paulo, and the Thyroid Diseases Center, Instituto Israelita de Ensino e Pesquisa Albert Einstein, both in Sao Paulo, Brazil. All of the diagnostic procedures were performed in accordance with the regulations of the local ethics committees. Written informed consent was obtained from each patient.
Seventeen patients presented with follicular thyroid carcinoma, and 151 patients presented with papillary thyroid carcinoma. All of the patients had been treated by total thyroidectomy, and 147 of 168 had also received 131 I for thyroid remnant ablation (30 or 100 mCi depending on the hospital) or treatment of local disease or lymph node metastases (200 mCi). At the Federal University of São Paulo, we used to administer 100 mCi for ablation before 2003, and 30 mCi after this period. At Albert Einstein Hospital, we administered 100 mCi for ablation. A dose of 200 mCi was used when local disease was suspected according to surgeon and histopathology descriptions or according to cervical ultrasound (US) 3-4 months after surgery. Also, 27 of 147 patients had received more than one 131 I treatment (total of 250-600 mCi) for the treatment of recurrent local disease or lymph node metastases that were not suitable for surgery, before the beginning of the study. After thyroidectomy, 131 I postablative whole-body scan (WBS) and initial US, the DTC patients were classified according to the American Thyroid Association's assessment for risk of recurrence [5] ; 101 patients were found to have a low risk of recurrence, and 67 patients had an intermediate risk of recurrence. The mean length of follow-up before the Tg stimulation test was 5 years (range 1-21 years).
None of the patients had structural evidence of disease at the beginning of the study, because they all presented with negative cervical US, negative WBS, b-Tg <1.0 ng/ml using a first-generation immunofluorometric assay (Tg1GIFMA) with an FS of 1.0 ng/ ml and negative anti-Tg antibodies (TgAb) for at least 1 year (at least one evaluation every 6 months) after the initial treatment or after the last radioiodine treatment.
All of the patients were submitted to a Tg stimulation test either by withdrawal of L -T 4 (WD-Tg) or by rhTSH-Tg. The hypothyroidism protocol (n = 98) consisted of obtaining a serum sample for the measurement of b-Tg; then, the Tg stimulation test was performed under L -T 4 withdrawal for 4 weeks. At this time, while the patients were in hypothyroidism, a second serum sample was collected for measurements of TSH, Tg and TgAb, and a cervical US was performed, followed by the WBS. During the follow-up, measurements of serum TSH, Tg and TgAb were obtained at least once every 6 months.
The rhTSH protocol consisted of a Tg stimulation test during suppressive therapy. All of the patients (n = 70) received one injection of rhTSH (0.9 mg, i.m.; Thyrogen, Genzyme Corp., Cambridge, Mass., USA) for 2 consecutive days. Serum samples for TSH, Tg and TgAb measurements were collected before the first rhTSH injection and 72 h after the second injection, when WBS was also performed. Imaging was performed 48 h after the administration of a 4-mCi tracer dose of radioiodine.
All of the patients with negative stimulated Tg (s-Tg; hypothyroidism <2 ng/ml or rhTSH <1 ng/ml) were followed up for a mean of 55 months (range 28-92 months) to confirm the negative results.
Most of the patients with s-Tg >2 ng/ml and negative US were treated with therapeutic activities of 131 I and then submitted to WBS. The patients with suspicious images on US that were confirmed as metastases by fine-needle aspiration cytology (FNAC) and Tg measurements of the needle washing fluid (FNA-Tg) underwent lymph node surgery. Additional imaging procedures, primarily cervical and chest computed tomography (CT) scanning and 18 formed with those patients with s-Tg greater than 2 ng/ml, negative US and negative posttherapeutic WBS to rule out the presence of metastases.
Serum Assays: Tg, TgAb and TSH Serum Tg was assayed following international recommendations [22] [23] [24] [25] in duplicate using 2 methods. The first, which was used previously to classify patients as not having evidence of disease and for the Tg stimulation tests, was a Tg fluoroimmunoassay (Delfia ® , PerkinElmer Life and Analytical Sciences, Wallac Oy, Turku, Finland) which presented FS of 1.0 ng/ml at a coefficient of variation (CV) of 20%. Between-run precision assessed over a 12-month period was 4.7, 4.8 and 3.8% for serum Tg concentrations of 3.5, 31.2 and 751 ng/ml, respectively. Within-run precision was 3.0, 2.9 and 3.0% at concentrations of 3.4, 18.9 and 689 ng/ml, respectively. This assay is referred to throughout this study as 'Tg1GIFMA'.
The second assay, which was used for the comparison with s-Tg, was a highly sensitive chemiluminescent assay (Tg Access immunoassay, Beckman Coulter, Brea, Calif., USA); its FS was 0.1 ng/ ml at a CV of 20% according to a previous study [17] . Within-run precision was 1.4% for a pool with a mean value of 4.2 ng/ml, 1.4% for a pool with a mean value of 21.6 ng/ml, 4.4% for a pool with a mean value of 130.4 ng/ml and 2.0% for a pool with a mean value of 344.7 ng/ml. Between-run precision assessed over a period of 12 months was 1.7, 1.8, 4.9 and 4.0% for the same pools. The total CV was 4.9% for a pool with a mean value of 4.2 ng/ml, 5.2% for a pool with a mean value of 5.3 ng/ml, 6.4% for a pool with a mean value of 34.0 ng/ml, 3.8% for a control with a mean value of 42.5 ng/ml and 4.6% for a control with a mean value of 213.0 ng/ml [26] . This assay is referred to throughout this study as 'Tg2GICMA'.
Serum samples from each patient were processed in the same analytical course, and all sera were screened for the presence of interfering TgAb using a specific in-house immunofluorometric assay test [27] . The assay was standardized against the International Reference Preparation 65/93 standard. Between-run precision was <5% along the standard curve. The sensitivity was 40 IU/ ml; therefore, values less than or equal to 40 IU/ml were regarded as negative. The positivity observed for DTC patients was 15%.
Serum TSH levels were measured using a third-generation in-house immunofluorometric assay that provided an FS of 0.05 mIU/l [28] . Suppression of TSH was defined as TSH values <0.1 mIU/l during L -T 4 therapy and hypothyroidism as TSH >30 mIU/l.
Paired serum specimens for Tg testing from the 168 patients were collected between 2005 and 2008. The serum Tg concentrations from each patient were initially measured using the Tg1GIFMA. Our laboratory routinely stores (at -20 ° C) all specimens remaining after Tg measurement, so it was possible to remeasure all storage specimens using the Tg2GICMA method. Previous studies had demonstrated that Tg and TgAb measurements performed on frozen specimens stored for over 10 years were stable [29] [30] [31] .
Neck US
Cervical US was performed with a linear, multi-frequency, 7.5-to 10-MHz transducer and integrated with color Doppler examination by a very well-trained radiologist. US was conducted in all of the patients 1-3 months before the hypothyroidism or rhTSHTg test, directly following the stimulation and every 6-12 months during the subsequent follow-up.
All suspicious findings were submitted to US-guided FNAC using a 23-gauge needle and 10-ml syringe. The cytology examinations were performed by a cytologist experienced in thyroid cancer. FNA-Tg was also obtained as previously described [32] .
Radioiodine Imaging WBS was performed 48-96 h after oral administration of a standard dose of 3-5 mCi of 131 I. Two-head gamma cameras equipped with high-energy collimators were used to perform WBS (speed: 6 cm/min; matrix: 1,024 × 1,024 × 16) and collect planar images of the neck and mediastinum (matrix: 128 × 128; counts: 12345).
Results
The cohort of 168 patients with DTC presented with b-Tg1GIFMA <1.0 ng/ml and negative TgAb and neck US for at least 1 year after initial treatment or after the last radioiodine treatment. When we used b-Tg2GICMA, 142 patients (84%) still demonstrated Tg <0.1 ng/ml; however, 26 patients presented with detectable b-Tg2GICMA (values varied from 0.3 to 1.5 ng/ml; fig. 1 ).
Among the 142 patients with b-Tg1GIFMA <1.0 ng/ml and b-Tg2GICMA <0.1 ng/ml, 138 showed s-Tg <2 ng/ml, but 4 showed s-Tg >2 ng/ml. However, 3 of those 138 showed positive neck US findings, which presented positive cytology for cancer or elevated FNA-Tg during the follow-up, despite presenting with b-Tg2GICMA <0.1 ng/ ml and s-Tg <2 ng/ml ( fig. 1 ; table 1 ; patients 1, 2 and 3) . One of the patients showed a positive neck US finding, positive cytology on FNAC and an elevated FNA-Tg level in a 0.5-cm cervical lymph node, which was detected immediately after the Tg stimulation test. The other 2 patients had positive US findings and presented positive cytology on FNAC and elevated FNA-Tg levels during the follow-up (30 and 48 months after the Tg stimulation test, respectively). Therefore, our study found that few patients with negative responses to s-Tg present with metastases in long-term follow-up. The remaining 135 of these 138 patients showed s-Tg <2 ng/ml and negative US and WBS and had at least 28 months of follow-up without evidence of disease (mean 55 months; fig. 1 ).
The remaining 4 of the 142 patients with b-Tg2GICMA <0.1 ng/ml presented with s-Tg >2 ng/ml, but only 1 patient showed evidence of recurrence by the end of the study ( fig. 1 ; table 1 , patient 4) . This patient was classified as having an intermediate risk of recurrence according to the American Thyroid Association guidelines [5] , and cervical metastases were detected after a therapeutic 131 I WBS. Therefore, our study demonstrated that 1 of the 142 patients with b-Tg2GICMA <0.1 ng/ml and negative US presented with metastasis during follow-up. The remaining 3 patients with b-Tg2GICMA <0.1 ng/ml and s-Tg >2 ng/ml were monitored, and no evidence of disease was found by the end of the study, even after therapeutic 131 I WBS and cervical and chest CT. Additionally, 2 of the patients presented with negative 18 FDG PET-CT. Therefore, b-Tg2GICMA <0.1 ng/ml showed an NPV of 97%, which increased to 99% when neck US was also used ( table 2 ) . In contrast, Tg stimulation testing had to be performed in 142 patients with b-Tg2GICMA <0.1 ng/ ml to detect only 1 case of local recurrence, which was not seen on US but was suspected by s-Tg >2.0 ng/ml and seen in the posttherapeutic WBS.
As shown in figure 1 , 26 of the 168 patients in the cohort (15%) showed detectable Tg levels without stimulation when b-Tg2GICMA was used (values varied from 0.3 to 1.5 ng/ml). Nine of the patients presented with s-Tg <2 ng/ml and 17 with s-Tg >2 ng/ml. One patient in the nonstimulated group presented with an increased Tg trend with b-Tg2GICMA, and metastatic disease was found on neck US and PET-CT 28 months after the Tg stimulation test ( table 1 , patient 5). Therefore, it is possible to have a patient with metastasis and a previously negative s-Tg. The remaining 8 patients from this group of 9 did not show any evidence of disease after at least 28 months of follow-up. In contrast, in the group of 17 of 26 patients with s-Tg >2 ng/ml, 10 of the 17 showed evidence of recurrence ( fig. 1 ; table 1 , patients 6-15). Of the remaining 7 of the 17 patients with s-Tg >2 ng/ml, 5 had negative neck US with positive thyroid bed uptake on posttherapeutic WBS, which was considered to be thyroid tissue remnant. Three of the patients did not receive 131 I for thyroid ablation, and 1 received 30 mCi of 131 I after thyroidectomy. The other 2 patients were followed up for 39 and 66 months, respectively, and they did not show any evidence of disease, even after therapeutic 131 I WBS, cervical and chest CT and PET-CT.
In this group of 168 patients with a low or intermediate risk of recurrence who presented with b-Tg1GIFMA <1.0 ng/ml, we identified 149 patients without evidence of disease after a mean of 55 months of follow-up (s-Tg <2 ng/ ml, negative US, negative WBS), 15 patients with demonstrated recurrent disease and 4 patients with s-Tg >2 ng/ ml but without evidence of disease, either on neck US or on diagnostic and therapeutic 131 I WBS, cervical and chest CT or 18 FDG PET-CT. Of those 15 of 168 patients with recurrence (9%), 1 showed thyroid bed recurrence and 14 showed cervical lymph node metastasis, including 2 with positive scans of the mediastinum. None of the patients showed evidence of distant metastasis. Serum b-Tg2GICMA was detectable (0.2-1.5 ng/ml) in 11 of 15 patients. Therapeutic 131 I WBS identified 7 of 15 patients with recurrent disease, and neck US-guided FNAC identified 8 of these 15 patients. Globally, by combining b-Tg2GICMA and US examination, 14 of 15 patients with recurrent disease were correctly identified ( table 1 ) .
Sensitivity, specificity, accuracy, positive predictive value and NPV of b-Tg and b-Tg plus US, in monitoring DTC patients considering s-Tg measurement (by using 2 positivity cutoff values of 1 and 2 ng/ml, for rhTSH-Tg and WD-Tg, respectively) and cervical US as reference standards, were obtained from all 168 patients.
Discussion
Guidelines for patients with DTC have indicated that after total thyroidectomy and 131 I ablation, these patients must undergo s-Tg testing during follow-up, in association with neck US, to distinguish those patients free of disease from the small minority of patients with persistent disease [2] [3] [4] [5] [8] [9] [10] . Consequently, although these few cases do need to be identified, the investigation should be as minimally invasive and inexpensive as possible [5, 33] . Furthermore, because the large majority of these patients have a good prognosis, not all of them will warrant the same strict follow-up investigations, instead favoring risk-adapted management during followup [6, 7] .
In addition, those guidelines were based on studies using Tg1G assays with an FS of 0.5-1.0 ng/ml [10, 14] . However, over the last decade, Tg2G assays that present an FS tenfold greater, in the order of 0.05-0.1 ng/ml, have been developed and validated, and these assays are now routinely used in laboratories worldwide [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . These studies have shown that when a second-generation assay is employed for Tg measurement, undetectable serum b-Tg has the same predictive value as s-Tg. The authors of these studies analyzed a total of 953 patients, mainly belonging to the group of patients with a low risk of recurrence, using Tg2G assays (0.1 or 0.2 ng/ ml), and only 19 of the 953 patients showed evidence of recurrent disease (16 of them seen on neck US). The authors concluded that these patients with undetectable b-Tg rarely have s-Tg greater than 1.0 or 2.0 ng/ml (1.7%) and that they rarely present with metastasis (1.3%) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Our study, which included many patients with an intermediate risk of recurrence, is in agreement with these previous data. We confirm that it is possible, in most cases, to predict a negative Tg response after stimulation in the presence of b-Tg2GICMA <0.1 ng/ml, based on the institutional clinical cutoff of 2.0 ng/ml for WD-Tg or of 1.0 ng/ml for rhTSH-Tg [5, 34] . Our data showed that of the 142 patients with b-Tg2GICMA <0.1 ng/ml, 138 (97%) presented with Tg <2.0 ng/ml after s-Tg testing. The remaining 4 patients showed s-Tg greater than 2 ng/ ml, and only 1 presented with metastasis after therapeutic 131 I WBS. The NPV for b-Tg2GICMA <0.1 ng/ml was 97%, and it reached 99% when combined with neck US. s-Tg testing identified only 1 local recurrence missed by both US and b-Tg2GICMA.
Our data also suggest that patients with b-Tg2GICMA >0.1 ng/ml must be carefully evaluated, because 17 of 26 patients (65%) showed s-Tg >2.0 ng/ml, and in 11 of the 26 patients (42%), metastases were found. More recently, Spencer et al. [33] found that second-generation b-Tg measurements were correlated with the degree of rhTSHTg stimulation and thus with the likelihood of having rhTSH-Tg >2.0 ng/ml, whereas b-Tg, which was measured by first-generation assay, did not show this correlation.
Additionally, in the present study, 11 of 15 patients who presented with identifiable metastases were correctly diagnosed by a detectable (0.2-1.5 ng/ml) Tg2G assay, and 14 of 15 were detected when a Tg assay while patients were on T 4 therapy was associated with neck US.
Finally, there were 9 patients with evidence of thyroid tissue remnants. They did not receive radioiodine ablation, and in 6 of these 9 patients, b-Tg was detectable, showing that these second-generation assays are also very sensitive to the presence of normal thyroid tissue. During follow-up, b-Tg remained stable or decreased in those patients, and none of them have shown evidence of disease. According to the new guidelines, the number of patients not receiving radioiodine ablation will increase worldwide, as radioiodine treatment becomes more targeted to high-risk patients. Therefore, in the near future, there will be many DTC patients with low b-Tg concentrations. In the follow-up of those patients, b-Tg trend is more important than isolated b-Tg measurements and s-Tg. The b-Tg trend will naturally reflect stability or changes in thyroid tissue mass, whereas the fixed rhTSH-Tg consensus cutoff of 1.0 or 2.0 ng/ml is patient-specific, blunted with poorly differentiated tumors and compromised by between-method differences [33] .
While this study was in progress, Trimboli et al. [35] also demonstrated that a second-generation b-Tg assay can avoid s-Tg, and Giovanella et al. [36] confirmed these data in a meta-analysis study.
In conclusion, b-Tg2GICMA <0.1 ng/ml combined with negative US presents high NPV in DTC patients after thyroidectomy and primary thyroid ablation and should be used instead of s-Tg. Serum Tg assay must always be performed using a highly sensitive method, and detectable b-Tg with second-generation assays in patients with thyroid tissue remnants is expected and should be followed by monitoring the b-Tg trend but usually is not of concern.
